Estrogens, like other steroid hormones, initiate their action via specific intracellular receptors [1] . The presence of estrogen receptors in the skeletal muscle cell was demonstrated in bovine [2] , rabbit [3, 4] , and rat [5] . Skeletal myoblasts also expressed functional estrogen receptors [6] . The effects of estrogen on skeletal muscle contractility have been diversely reported. A long-term treatment of the developing rat with estrogen reduced the tetanus tension of skeletal muscle [7] . In women, the supplement with a supra-physiological level of estrogen did not affect the contractile force and fatigue process of the first dorsal interosseus muscle [8] . Neither did the administration of estrogen significantly affect the fatigue of the estradiol-injected extensor digitorum longus muscle in rat [9] . In frog skeletal muscle, however, Rana temporaria, the presence of diethyl-stilboesterol, a nonsteroidal estrogen, markedly potentiated the twitch tension, but apparently not the tetanus tension [10] , and it also potentiated the tension response of the fatigued Abstract: The effects of 17␤-estradiol (10 Ϫ5 M), an active estrogen, on the tension and fatigue responses of single fiber or fiber bundle prepared from frog skeletal muscle were investigated. The administration of 17␤-estradiol caused a transient potentiation of tetanus tension by field stimulation at every minute. This potentiation was not affected by the presence of nicardipine, suggesting that the action of 17␤-estradiol would place the excitation-contraction (E-C) coupling beyond T-tubule depolarization. Fatigue was produced by repeated tetanic stimulation every second until tension declined to approximately 40% of the initial level. Fibers were then allowed to recover by having tetani given to them every minute. In the normal Ringer solution, the time to 50% of the initial tetanus tension was 41.7 s. With the presence of 17␤-estradiol, the time to 50% tension was faster than that of control. The presence of 17␣-estradiol, a stereoisomer, caused no potentiation of tetanic tension to be stimulated every minute, and the rate of decline of fatigued response was almost the same as that of control, suggesting the existence of specific estrogen re-ceptors in the frog muscle. In fatigued muscle with or without estrogen, the tension to field stimulation was transient and not sustained. When the fatigued muscle was again treated with field stimulation at every minute after the more-frequent stimulation, the recovery rate was increased in 17␤-estradiol. A prompt reduction in temperature to 5°C, from 20°C, in the presence of caffeine elicited the tension response, a rapid cooling contracture (RCC). The presence of 17␤estradiol inhibited peak tension and maximum rate of rise of the RCC only after the repetitive electrical stimuli. These results suggest that the potentiation of contraction upon the electrical stimulation by 17␤-estradiol was induced by the increase of myoplasmic-free Ca 2ϩ concentration via an activation of some E-C coupling process. The 17␤-estradiol-induced facilitation of fatigue response to repetitive tetanus stimuli with high frequency may be due to an increase in the imbalance of Ca 2ϩ turnover in the cytoplasm.
muscle to a partially fused tetanus in the presence of methylxantines, caffeine, or theophylline, suggesting some action of estrogen on the sarcoplasmic reticulum (SR) function [11] . In the present experiments, which used skeletal muscle of the frog, Rana nigromaculata, the acute effects of 17␤-estrogen on tension response appeared to be different between fatigued and nonfatigued muscles, and its effect on the rapid cooling contracture was analyzed to somehow gain an understanding of the contribution of the SR function to the estrogen action. Recently, several environmental chemicals have been found to have estrogenic activity that results in disruption of the function of endocrine systems in Xenopus laevis [12] . The present experiments may provide information on the acute action of estrogen on the contractile function of frog muscle.
MATERIALS AND METHODS

Muscle fiber preparation. Matured frogs,
Rana nigromaculata, were killed by stunning, then decapitation. Single fibers and multifiber bundles were dissected from semitedinosus muscle or iliofibularis muscle. As reported previously [13] , the intact fiber was isolated carefully with a piece of razor blade and fine forceps in the Ringer solution under a binocular microscope. The fiber preparation was mounted horizontally in a narrow chamber (0.5 ml), and the Ringer solution was perfused through the chamber. One end of the muscle fiber was fixed to a hook and the other to the isometric force transducer. The Ringer solution contained (in mM) 110 NaCl, 3 KCl, 2 CaCl 2 , 5 HEPES, and 0.015 d-tubocurarine (pH 7.2 adjusted with NaOH). Experiments were carried out at room temperature (20-24°C) .
Electrical stimulation. The muscle fiber was stimulated with 0.5 ms square pulses at 1.5-fold threshold voltage through a pair of platinum wire electrodes placed parallel along the muscle. Twitch tension responses were caused by a single pulse every 10 s. The train of pulses with 100 Hz for 400 ms was periodically given to the muscle every minute to cause the steady tetanus responses and every second to induce the fatigue in tetanus tension. After the fatigue responses had reached a nearly steady level, the muscle was again stimulated with the pulse train every minute to observe recovery from fatigue. The first tetanus tension to the pulse train for inducing fatigue was regarded as 100% of the tension response.
Rapid cooling contracture. For the experiments of rapid cooling contracture, caffeine at various concentrations (0.5-7 mM) was added to the Ringer solution for more than 10 min before the temperature was lowered. The muscle was initially bathed at room temperature (20°C). The temperature of the solution was then lowered to below 5°C within 1-2 s by a quick change in the perfusate. Rapid cooling in the presence of 2-3 mM caffeine elicited maximal tension that was nearly equivalent to that of tetanus tension. In the presence of caffeine at concentrations either lower or higher than 2-3 mM, the magnitudes of rapid cooling contracture were small. Thus the concentration was fixed at 2 mM to permit investigation of the effects of estradiol on the rapid cooling contracture.
In part of the experiments, repetitive electrical stimuli were applied to the muscle between two rapid cooling contractures. The muscle was first exposed to low temperature for 5 s, 9 min later treated with the repetitive stimuli (10 Hz) for 7 s, and 1 min later again exposed to low temperature for 5 s.
Used drugs. Stereoisomers of 17␤-estradiol and 17␣-estradiol were purchased from Sigma (St. Louis, MO, USA) and dissolved in ethanol as a stock solution (10 mM). The final concentration of ethanol was 0.1%, which had no effect on the contractile response of the muscle. Caffeine and d-tubocurarine were from Nacalai Tesque, Inc. (Kyoto, Japan), and WelFaid Co. (Osaka, Japan), respectively, and both drugs were dissolved in the Ringer solution. Nicardipine was a generous gift from Yamanouchi Pharmaceutical Co. Ltd., Tokyo, Japan.
Statistics. Data are represented as meanϮSE. The significance of the results was evaluated by an Ftest followed by a Student's t-test (two-tailed) or an Aspin-Welch equation (pϽ0.05).
RESULTS
Effects of estradiol on tetanus and twitch tension of frog fast fibers
In the frog skeletal muscle, field stimulation with 100 Hz for 400 ms every minute elicited tetanus tensions with a constant magnitude. The administration of 17␤-estrogen (10 Ϫ5 M) transiently potentiated the tetanus tension: A typical record is shown in Fig. 1A , and mean values are shown in Fig. 2 . The potentiation of tetanus tension was observed at the first tetanus stimulation after treatment with 17␤-estradiol, where the tension was 115% of the original level. Two min after the estradiol treatment, the potentiation was maximal, 125% of the original. The tetanus tension then gradually declined toward the original level within 15 min after the treatment. The whole shape of single tetanus tension seemed to be unaltered in the presence of 17␤-estradiol, compared with the control tension. Figure 1B also showed the 17␤-estradiol-in-duced potentiation of twitch tension of the muscle evoked by a brief stimulus. The transient potentiation of twitch tension in the presence of 17␤-estradiol was similar to that of tetanus tensions. In the muscle treated with nicardipine (10 Ϫ6 M), the 17␤-estradiolinduced potentiation of tension responses was observed ( Fig. 2 ). Estradiol-induced potentiation of tetanus tension was stereochemically selective. The presence of a stereoisomer, 17␣-estradiol (10 Ϫ5 M), did not affect the tetanus tensions of the muscle (Fig.  2) . These results suggest that the cis configuration of a 17th hydroxy group is essential for the potentiation of contractile responses of the frog skeletal muscle.
The frequency dependence of estrogen-induced po-tentiation in tension responses was recorded with 10 Ϫ5 M 17␤-estradiol at 10, 20, 30, 50, and 100 Hz stimulation frequency and shown in Fig. 3 . The change produced by 17␤-estradiol is expressed as a percentage of the control signal measured at the respective stimulation frequency. The tension response was potentiated with increasing stimulation frequency and reached maximum at 100 Hz.
Effects of 17␤-estradiol on the fatigue response
Fatigue response in the tetanus tension of muscle was observed after the frequency of tetanus stimulation was increased from every minute to every second ( Fig. 4 ). In the normal Ringer solution (control), the mean value represented a linear decline in tension after the imposition of high-frequency stimulation Estrogen on Skeletal Muscle Fatigue 
Fig. 2. Effects of 17␤-estradiol on tetanic tension in the absence (᭹) and the presence (᭝) of nicardipine, and 17␣-estradiol (᭺).
In the presence of nicardipine, the muscle was treated with nicardipine (10 Ϫ6 M) 10 min before the administration of 17␤-estradiol. The force is shown as a percentage of the maximum force obtained at the start of the run. The data points represent meanϮSE of the independent experiment of 17␤-estradiol (nϭ5) and 17␣-estradiol (nϭ3; error bars are mostly smaller than symbols). * indicates pϽ0.05, compared 17␤-estradiol with 17␣-estradiol. The results of 17␤-estradiol were recorded 10 min after an administration of hormone. Each value is expressed as a percentage of the control value measured at the respective frequency.
(100 Hz 400 ms every second) ( Fig. 4a ). When the response of individual muscle was examined, tetanus tension decayed in an exponential manner in 4 of 8 preparations, but not exponentially in the other 4 ( Fig.  4b) . The time to 50% of the original tetanus tension was 41.7Ϯ5.51 s (nϭ8) after the imposition of highfrequency stimulation.
In the presence of 17␤-estradiol, the decrease of the tetanic tension responding to high frequency was faster than control, and the decline curve was apparently exponential (Fig. 4 , a and c). The individual and averaged data both indicate that the decline in tension was apparently exponential. The time to 50% tension was 21.0Ϯ5.58 s (nϭ5) in the presence of estradiol, which was significantly smaller than when estradiol was absent (pϽ0.05). In contrast, the presence of 17␣-estradiol, a stereoisomer, did not affect the fatigue process (Fig. 4a ). Figure 5 shows the alteration in the configuration of tetanus tension after the imposition of high-frequency stimulation. Either in the absence or presence of 17␤estradiol, the second component of tetanus tension was much reduced and nearly abolished 30 and 60 s after high-frequency stimulation when compared with the first component of tension. Apparently the second component of tetanus tension was more susceptible to the high-frequency stimulation in the fatigue response.
When the stimulation frequency was again reduced to every minute, from every second, the magnitude of tetanus tension was restored rapidly in 1 min after the reduction in frequency, then gradually restored (Fig. 6). In control, at the end of the fatiguing period of 70 s, the tetanic force was 35Ϯ3% the prefatigue force, and the first tetanus 1 min after fatigue was 62Ϯ5%.
In the presence of 17␤-estradiol, at the end of the fatiguing period of 70 s the tetanic force was 21Ϯ2% which was facilitated more than that of control. The first tetanus 1 min after fatigue in 17␤-estradiol was 68Ϯ9%. The hormone increased the recovery rate of the tetanic force from the fatigue.
Rapid cooling contracture
Rapid cooling of the medium to 5°C, from 20°C, in the presence of caffeine (2 mM) elicited contracture of the muscle, i.e., the so-called rapid cooling contracture (RCC) [14, 15] . Figure 7 shows the effects of repetitive electrical stimuli (10 Hz for 8 s) on the RCC in the absence or presence of 17␤-estradiol (10 Ϫ5 M). In its absence, the magnitude of the RCC was apparently not affected by the electrical stimuli. After the stimuli it was 102.5Ϯ7.4% (nϭ5) of what it was before the stimuli, although the maximum rate of rise (dp/dt) was increased to 192.8Ϯ22.7% (nϭ5), and the time to peak tension was reduced to 65.5Ϯ5.2% (nϭ5) of what it was before the electrical stimuli. In the presence of 17␤-estradiol, the configuration of contracture before the electrical stimuli was similar to that in the absence of the drug, and the magnitude of contracture was 96.6Ϯ1.8% (nϭ4) of the control response. On the other hand, after the repetitive electri-cal stimuli the presence of 17␤-estradiol attenuated the magnitude of RCC to 86.3Ϯ3.7% (nϭ4), reduced dp/dt to 80.4Ϯ4.6%, and prolonged the time to peak tension to 127.3Ϯ14.8% of what it was before the stimuli. These changes after the repetitive stimuli were significantly different between the absence and presence of 17␤-estradiol (pϽ0.05).
DISCUSSION
The chronically effective concentration of 17␤-estradiol is low. For example, the level of 17␤-estradiol in the plasma taken from the oval vein of a pregnant rat is about 10 Ϫ9 M [16] . In rabbit papillary muscle, the chronic administration of 17␤-estradiol at Ͻ10 Ϫ6 M, but not acute administration, reduced isometric force [17] . In contrast, the effects of acute dosage with high concentrations has been reported in the muscle: 10 Ϫ5 M for the reduction in cytosolic Ca 2ϩ and inward Ca 2ϩ current of guinea pig cardiac myocytes [18] , and ϳ10 Ϫ6 M for the negative inotropic effect on human myocardium [19] . Also in the present experiments using isolated frog muscle, the effective concentration of 17␤-estradiol was 10 Ϫ5 M to allow the acute actions to be clearly observed. Since steroids are lipophilic, Fig. 4 , the muscle was stimulated at every minute. The tetanic force is expressed as a percent of maximum force before fatigue. The steady-state fatigue of 70 s after the fatigue stimulation is shown in time Ϫ1 min. Following fatigue, the muscles were stimulated from every second to every minute, but the data obtained at intervals of 2 min are shown. Data points represent meanϮSE in the absence (nϭ6) and the presence of 17␤estradiol (nϭ4).
estradiol may be accumulated in cells during the chronic presence in plasma, and the concentration around the action site could be high enough to produce its effects. Therefore a high concentration of estradiol may be required to exert an acute response. Furthermore, in the present experiments the actions of estradiol are stereochemically specific: 17␤-estradiol, but not 17␣-estradiol, is effective. Thus the actions of estradiol presented here are not caused by the general action of steroids, but by action via the specific receptors for 17␤-estradiol. As mentioned above, the effects of 17␤-estradiol on cardiac muscle preparations have been reported to be inhibitory in contractility and Ca 2ϩ movement of cardiac muscle preparations. In the present experiments, however, in which skeletal muscle of the frog was used, the acute administration of 17␤-estradiol, but not 17␣-estradiol, elicited dual effects on tension responses. A potentiation of twitch and tetanus tensions occurred when a muscle was stimulated repetitively every minute with a low frequency, and a facilitation of fatigue response was induced with a high-frequency stimulation every second. Usually, cardiac muscle repetitively contracts every second or more frequently in small animals like the rat. The frequency of contractions seems to affect the action of estradiol on contractility toward stimulatory under low frequency or inhibitory under high frequency. Two similar opposite effects, a distinct potentiation of twitch tension stimulated at 1 Hz and an inhibition of the following tetanus stimulated at 100 Hz 400 ms, were previously reported in frog skeletal muscle [20] .
The presence of nicardipine did not inhibit the estradiol-induced potentiation of contraction, suggesting that the transmembrane influx of Ca 2ϩ through voltage-sensitive Ca 2ϩ channels does not contribute to the process of potentiation. This would affect the excitation-contraction (E-C) coupling process beyond ttubule depolarization. When the potentiation occurred in the presence of 17␤-estradiol, the overall waveform of contraction-relaxation response was nearly the same as that in control conditions. Thus it may be postulated that 17␤-estradiol potentiates the increase of the myoplasmic free Ca 2ϩ concentration via some E-C coupling process, resulting in the supply of more Ca 2ϩ to contractile machinery for producing the potentiation of contraction upon electrical stimulation with a low frequency.
Presumably, the fatigue response to electrical stimuli with high frequency is caused by an imbalance of E-C coupling and a suppression of Ca 2ϩ movement for the supply of Ca 2ϩ to contractile machinery. In the fatigued muscle, the tetanic stimulus produced a tran-sient contraction (first component), but not a sustained contraction (second component) as observed in normal muscle. When muscle was stimulated successively at short intervals, the reuptake of released Ca 2ϩ by SR could not be accomplished for loading enough Ca 2ϩ to cause full contraction resulting from the next stimulus. The presence of 17␤-estradiol may be a much greater cause of muscle fatigue because of its alteration in SR Ca 2ϩ movement, mentioned above. The estradiol-induced facilitation of fatigue in the muscle was observed most prominently from 10 to 30 s after an administration of the drug and an imposition had of high-frequency tetanus. The estradiol-induced potentiation of contraction to low-frequency stimulation had already been seen 60 s after administration of the drug. The time required for causing either effect seems to be nearly the same for a facilitation of fatigue and for a potentiation of contraction, suggesting that the same mechanism of action influences both effects. The potentiation of Ca 2ϩ -turnover in cytoplasm may also contribute to the acceleration of muscle fatigue in the presence of 17␤-estradiol, suggesting that the rate of Ca 2ϩ release from SR is slightly faster than Ca 2ϩ reuptake into SR. Thus 17␤estradiol may facilitate the fatigue response to repetitive tetanus stimuli with high frequency because of the increase in imbalance between the influx and efflux of Ca 2ϩ through the SR membrane.
The assumption that an imbalance of SR Ca 2ϩ movement causes fatigue response could explain the process for the prompt recovery of tetanus tension after the frequency of electrical stimuli was reduced to the original frequency of one time every minute. Once the interval between stimuli is prolonged enough, Ca 2ϩ in the SR is sufficiently loaded to cause full contraction. The presence of 17␤-estradiol potentiated the recovery response, especially at the first recovery response after prolongation of the stimulus interval. It is conceivable that the mechanism for estradiol action in potentiating the tetanus contraction at low frequency also contributes to a slightly faster recovery compared with that when the drug is absent.
Rapid cooling is known to cause contracture by the Ca 2ϩ release from SR. The presence of 17␤-estradiol marginally attenuated the rapid cooling contracture, but it significantly attenuated the contracture after cessation of the repetitive electrical stimuli for the long period of 8 s. The mechanism for the Ca 2ϩ release from SR may be different between the cooling stimulus and the electrical stimulus. The process of rapid cooling contracture may be insensitive to the presence of estradiol. On the other hand, estradiol may potentiate the electrical stimulus-induced alteration in the SR Ca 2ϩ movement, as described above. Thus the long electrical stimuli may cause an exhaustion of Ca 2ϩ in the SR, resulting in the attenuation of successively occurred contracture induced by the rapid cooling. Although it is highly speculative, the single mechanism for the action of 17␤-estradiol, the potentiation of Ca 2ϩ turnover in cytoplasm, could be accountable for all phenomena represented in the present experiments. Another explanation for the dual effects of activation and inhibition is that 17␤-estradiol binds to two or more estrogen receptors. It was recently reported that agonist and antagonist bind at the same site of the ligand-binding domain (LBD), but demonstrate different binding modes and induce a distinct conformation [21] . 17␤-Estradiol may bind to the LBD and demonstrate different binding modes, depending on the stimulus frequency, thus resulting in the dual effects. Presumably, the binding of estrogen to the receptor can affect the electrical stimulation-induced activation of Ca 2ϩ movement in the cytoplasm.
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